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Abstract This study focused on the relationship between 
stress level and the fire resistance of structural lumber. The 
210 samples were prepared from 15-year-old trees of Acacia 
mangium from the Forest Estate Plantation, Indonesia. 
Specimens were 20 (R) X 20 (T) X 500 mm (L) and were 
air-dried. Sixty samples were tested under four-point bend¬ 
ing stress to obtain the modulus of elasticity (MOE) and the 
modulus of rupture (MOR) for classifying the stress grades 
of the remaining 150 samples. The tests were performed 
using a four-point load bending position at various stress 
level while the specimens were exposed to fire along the 
shear-free region. Time to failure was affected by the stress 
levels in an exponential trend. Despite changes in stress 
level, charring rate, and time to failure, the critical stress of 
a member from the same species was similar. The fire per¬ 
formance under applied load could be predicted by using 
simplified lire-testing methods. The developed testing appa¬ 
ratus is valid for evaluating the small-scale fire resistant 
behavior of structural lumber in bending. 
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Introduction 

Besides having a high strength-to-weight ratio, as a struc¬ 
tural material, wood has some weaknesses such as high 
variety of mechanical properties, susceptibility to attack 
by microorganisms and lire, and dimensional instability. 
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Mechanical properties of wood may vary from one piece of 
lumber to another from the same log, among logs of one 
species, and among timber species, especially for the tropi¬ 
cal woods. Designers require the strength grade of lumber 
to confirm mechanical properties. In practice, the mech¬ 
anical properties are estimated by visual or mechanical 
grading. 1 

Grading of timber stress has been widely applied 
throughout the world, using the modulus of elasticity 
(MOE) in bending as a predictor. Because lumber is stress- 
graded, the lumber will be utilized according to its strength, 
which means the lumber will be sufficiently loaded. On the 
other hand, lumber is also known as a combustible material. 
One well recognized phenomena related to the strength and 
fire performance of structural lumber is its ability to main¬ 
tain structural integrity when exposed to fire. The superior 
fire performance of structural lumber is attributed to the 
charring effect of wood. 

During lire exposure, the height ( h ) and width (b) of 
lumber decreases gradually, depending on the charring rate 
of the species. The remaining uncharred lumber is assumed 
to contribute to the load-carrying capability. For members 
stressed in bending during fire exposure, failure occurs 
when maximum bending capacity is exceeded due to reduc¬ 
tion of the section modulus. Such a condition is defined as 
the critical stress. 

Some studies on the structural lire design of wood have 
been carried out for heavy timber and glulam construc¬ 
tions. 2 To assess safety aspects, we need to take into account 
the variability in fire endurance by considering variability in 
the properties of the member (e.g., charring rate, strength, 
and stiffness), variability in anticipated applied load, and 
variability in fire severity. 3 

Because the strength of lumber is affected by its density 
and imperfection condition, various strength grades of lum¬ 
ber can be found even in small specimens. This article 
examines the performance of various stress grades of 
structural lumber at various stress levels after fire exposure 
of small-scale specimens. The effects of stress levels to the 
fire performance at critical stress of bending members are 
presented. A small-scale fire testing apparatus has been 
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developed to support the testing. This research may be 
utilized as a validation activity for the developed apparatus 
and as an initial step toward testing at full-scale. 


Materials and methods 

Logs were cut from 15-year-old mangium (Acacia 
mangium, Willd) from Sukabumi-in West Java, Indonesia. 
The specimen dimensions were 20 (T) X 20 (R) X 500 mm 
(L) and the specimens were prepared to avoid the juvenile 
wood. Two hundred and ten pieces were randomized and 
selected for the study. The moisture contents of the speci¬ 
mens ranged between 15.1% and 17.4%. The dimensions 
and masses of the specimens were measured just before 
measurement of MOE. The MOE values of the specimens 
were measured through bending tests with four-point load¬ 
ing with a 390-mm span and 130-mm shear-free area. Sixty 
samples were randomized and selected from the 210 pieces 
for testing the modulus of rupture (MOR). The data on the 
relationship between MOE values and MOR were utilized 
for analyzing the validity of MOE as a predictor. The MOR 
values of the remaining 150 pieces were predicted based on 
the obtained equation. The strength grade of the specimens 
and their allowable stresses were classified based on the 
Indonesian Wood Construction Rules. 4 

The bending test under fire was performed as shown in 
Fig. 1. To determine the effect of loading on the fire resis¬ 
tance of mangium lumber, the bending test under fire was 
conducted for specimens of all stress grades. The applied 
load for each specimen was one third of the design load for 
each lumber grade. The design load is the short-term allow¬ 
able stress. Because grades III and IV were the most numer¬ 
ous grades in the specimens prepared in this study, the 
specimens graded as III and IV were also subjected to one 
third of the allowable loads of the other grades to compare 



Fig. 1 . Testing apparatus for bending under fire exposure 


with the performance of the specimens in different grades 
with the same applied load. The deflections were measured 
in the constant moment region or shear-free region of 
130 mm on both sides and in the center during the fire 
exposure. A thermocouple was attached to measure the top 
of the flame temperature at the specimen center. The en¬ 
ergy source was natural gas with an oxygen supply pump to 
maintain uniform flame along the burner. The gas flow was 
21/min with the heating energy of 18-19.6 kcal/h or 0.63 kW. 
The temperature at the top of the flame was maintained at 
800°-825°C. 


Results and discussion 

Strength prediction of the lumber 

It was important to ensure that prediction of the strength of 
the lumber was not biased. The population, and the sample 
distribution and characteristics should be thoroughly clari¬ 
fied. The density of the population was in the range of 0.51- 
0.77 g/cm 3 with an average (/<) of 0.63 g/cm 3 and standard 
deviation (SD) of 0.05 g/cm 3 . The density of the samples for 
MOR testing ranged from 0.54 to 0.77 g/cm 3 with an average 
( X ) of 0.63 g/cm 3 and SD of 0.05 g/cm 3 . 

The MOE values of the population were in the range 
of 8.1-16.4 GPa with an average of 13.5 GPa and SD of 
1.7GPa. The sixty samples ranged from 8.7 to 16.4GPa, 
with an average of 13.5 GPa and SD of 1.7 GPa. Statistically, 
the variation of parameters in populations and samples was 
not significant due to the high number of specimens. The 
MOE values for most of the samples were near the average 
MOE value. 

The MOR of samples ranged from 24.6 to 152 MPa with 
an average of 108 MPa and SD of 26.1 MPa. The goodness- 
of-fit of MOE values of the samples to normal, log-normal, 
2P-Weibull, and 3P-Weibull distributions were 81%, 74%, 
100%, and 94%, respectively. For the population, the good- 
ness-of-fit of MOE values was almost the same as the 
sample. Based on the same procedure, the goodness-of-fit 
of MOR values to the normal, log-normal, 2P-Weibull, and 
3P-Weibull distributions is 78%, 74%, 98%, and 88%, re¬ 
spectively. Such results showed that MOE and MOR values 
showed better fit to the 2P-Weibull distribution than the 
normal, log-normal, or 3P-Weibull distributions. 

The relationship between the MOE and MOR of 
samples was analyzed with linear regression analysis as 
shown in Fig. 2. The coefficient of correlation ( R ) between 
the MOE and MOR of the samples was 0.80 and the coeffi¬ 
cient of determination (R 2 ) was 0.64. Such a coefficient of 
correlation is reasonable, considering that a study on com¬ 
mercial lumbers showed the relationship between MOE 
and MOR to have an R of 0.7-0.8. 5 Table 1 shows the results 
of analysis of variance (ANOVA) for a test on MOE as a 
predictor. Through the higher value of / cal than F om took 
from ANOVA of such relationship, it is affirmed that MOE 
values can be used as a predictor of MOR. The stress grade 
of the lumber was in the range of grade I to grade VIII 
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MOE( GPa) 

Fig. 2. Relationship between modulus of elasticity ( MOE ) and modu¬ 
lus of rupture ( MOR ), and the predicted equation. EL, exclusion limit 


Table 1. Analysis of variance (ANOVA) for regression of E-values 
and modulus of rupture (MOR) 


Parameter 

DF 

55 

MS 

F cal 

F -os F -oi 

Regression 

1 

98780.4 

98780.4 

70.95** 

4.01 7.10 

Error 

58 

80748.1 

1392.2 



Total 

59 

179528.5 





based on the strength classification of the Indonesian Wood 
Construction Rules. 4 The variation of strength grades of the 
lumbers is affected by the wide range of density of the 
samples and the imperfection conditions such as knots and 
slope of grain. 

Load applied and fire resistance of structural lumber 

The time to failure and deflection for all grades of lumber to 
which one third of the design load was applied were similar, 
as shown in Fig. 3. The statistical analysis by ANOVA in 
Table 2 shows that there is no significant difference for the 
means of time to failure for any grade of timber as long as 
the samples were properly loaded as a certain fraction of 
the allowable stress. The deflection characteristics of the 
various grades of timber under the allowable stress were not 
extremely different from each other, as shown in Fig. 3. 

Without loading, the fire resistance of lumber is affected 
by the thermal diffusivity of the materials. Thermal 
diffusivity is the ratio of thermal conductivity to the product 
of density and heat capacity. 6 Because the heat capacity 
depends on the temperature and moisture content which 
were maintained during testing and the variation of density 
was not high [coefficient of variance (CV) of 7%], loading 
was the main factor affecting the fire resistance of the mem¬ 
ber. With reference to Fig. 3 and Table 2, it is shown that 
when structural lumbers are under a load, the fire resistance 
performance will be similar. 

To obtain further results on the effect of loading on the 
fire performance of structural lumber, specimens of various 
grades were loaded with the same load: one third of the 



Fig. 3. The deflection of specimens in various grades with one third of 
their design loads applied. Diamonds, grade I; filled squares, grade II; 
filled triangles, grade III; filled circles, grade IV; crosses. Grade V; open 
circles, grade VI; open squares, grade VII; open triangles, grade VIII 



Time to failure (inin.) 

Fig. 4. Deflection of specimens when subjected to various stress levels 
in bending moment and fire exposure 


Table 2. ANOVA for effect of grades on time to failure of stress- 
graded timber 


Parameter 

DF 

55 

MS 

F cal 

F.05 

Aoi 

Grades 

1 

384.5 

54.93 

0.65“ 

2.44 

3.55 

Error 

16 

2027.8 

84.49 




Total 

23 

2411.3 






“not significance 


design load for grade III. With the normal distribution of 
MOE of the population, the number of specimens in lower 
and upper grades was fewer than those of mid grades, e.g., 
grades III and IV. Therefore, one third of the design loads 
of various stress grades were applied to lumbers of the 
stress grade III and grade IV. The deflections of specimens 
of grade III at various stress levels are shown in Fig. 4. 
Similar characteristics of deflection and insignificant differ¬ 
ences in times to failure for graded lumber may be caused 
by the constant energy supplied during the fire exposure. 

With reference to Fig. 5, the stress level was in the range 
of 11.1% to 88.9% with the dense on the 33.3% of the 
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Fig. 5. Relationship between stress level and time to failure of bending 
test under fire exposure 

allowable stress. When the stress level increases, the time to 
failure decreases. An exponential master curve can be 
drawn in the relationship between stress level applied to the 
various graded lumber and the time to failure as: 

Y = 309e~ 0026Sjr 

where Y is stress level and X is time to failure. The 
coefficient of determination of the equation (R 2 ) was 0.92. 
The exponential trend could be explained through a phe¬ 
nomenon that there is a reduction of strength and stiffness 
of a zone progressing ahead of the char front degraded by 
heat. Specimens subjected to high stress levels produced a 
narrower area of such a zone than those specimens sub¬ 
jected to stress levels. 

One well known analysis of the time to failure of heavy 
structural timber members exposed to lire, introduced by 
Lie 7 in the 1970s, is the calculation method. The calculation 
method was widely applied with a certain assumed charring 
rate. It was evaluated by American Forest and Paper Asso¬ 
ciation in 1997 for the load ratio below 50% and the result 
showed that for such a ratio the equation underestimated 
the time to failure. Another study on timber frames which 
used density as the predictor of MOR (R 2 = 0.42) showed 
that in compression and tension parts, the relationship be¬ 
tween the relative load and the time to failure also showed 
an exponential trend. 8 

Charring rate of lumber 

Generally, the charring rate is defined as the rate of pen¬ 
etration of char, and it serves as a measure of strength loss. 
Charring begins after the surface layer has been heated up; 
it proceeds relatively quickly until charcoal begins to retard 
the penetration of heat. 59 In this research, charring area in 
cross section of specimens of various stress grades subjected 
to one third of design load showed similar behavior. At the 
lower stress level, the longer time to failure gives a larger 
charring area in cross section than those of higher stress 
levels. The time to failure significantly affected the charring 
depth in horizontal and vertical directions as shown in Fig. 
6. The charring depth in the horizontal direction was deter¬ 
mined as the width of the specimen before fire exposure 



0 1 2 3 4 5 

Time to failure (min.) b 

Fig. 6. Relationship between time to failure and charring depth in 
horizontal (a) and vertical (b) directions 


minus the width of the specimen after exposure. The rela¬ 
tionship between time to failure and charring depth could 
be expressed as linear or exponential relationships. The 
exponential phenomenon could be explained partly by the 
thermal conduction in lumber which was expressed as par¬ 
tial differential equations on time and space in the second 
order. In early fire exposure, the How of moisture and gas¬ 
eous materials in wood is slow due to low temperature and 
the long barrier from the wood tissues. When the tempera¬ 
ture increases, the flow will be slightly accelerated. Such a 
phenomenon is also endorsed by the weight loss character¬ 
istic as shown in Fig. 7. 

The charring rate of timber can be assumed to be con¬ 
stant as shown by the linear relationship between time to 
failure and charring depth in Fig. 6. The residual cross sec¬ 
tion is considered to be rectangular in simple methods of 
structural fire design. 10 The charring rates in horizontal and 
vertical directions of the lumber were not affected by the 
stress levels or time to failure. The charring rate in the 
vertical direction, the SD, and CV were evaluated as 
1.86mm/min, 0.19mm/s, and 7.7%, respectively, and in the 
horizontal direction were 1.80mm/min, 0.12mm/min, and 
7.0%, respectively. 

There was no significant difference between the charring 
rates in the horizontal and vertical directions. In three sides 
of specimens, the exposed area was calculated as 0.0078 m 2 
and the supplied heat was 0.63 kW. This gives a heat flux of 
80.5 kW/m 2 . With the high heat flux and small specimens, 
the charring rates of mangium in this experiment were 
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Time to failure (min.) 

Fig. 7. Relationship between time to failure and weight loss in bending 
test under fire exposure 


higher than those of subtropical lumber exposed to constant 
heat fluxes of 15, 25, 35, and 50kW/m 2 . u Charring rates of 
pine, redwood, oak, and basswood under constant heat flux 
of 25kW/m 2 are 0.66, 0.74, 0.52, and 0.80mm/min, and with 
a heat flux of 50kW/nr are 0.85, 1.02, 0.73, 1.31mm/min, 
respectively. Another study with lower heat fluxes also re¬ 
ported that the charring rates of subtropical lumber are 
lower than the charring rate of tested specimens. 3,10 ' 11 


Critical stress 


The critical stress, o c or cr(? c ), is defined as the stress at the 
failure time, t c , of the member due to the reduction of the 
section. When lumber is exposed to fire, the outer part of 
the lumber will be degraded and the volume of the lumber 
will be reduced. The longer the time exposed to fire, the 
larger is the section loss, thus, cr c is a function of time. The 
critical stress can be obtained through the strength predic¬ 
tion based on lumber grade, stress level, time to failure, and 
observed charring rate. The stress, a(t), of the bending 
member exposed to fire for a certain time t can be calculated 
as: 


a{t) 


M 

W) 


( 1 ) 


where M is a load-dependent factor related to grade and 
stress level and Z is a fire-dependent factor related to time 
to failure and charring rate. The Z(t) is calculated as: 


Z(?) = 1/6 (b — Vj t)(/z — v 2 tf 


( 2 ) 


where v 1 and v 2 are the charring rates in the vertical and 
horizontal directions, respectively. At the time to failure, 
the critical stress, cr(t c ), can be calculated as: 


o c = o(t c ) 


M 

W) 


M max 

Z{h) 


MOR 


( 3 ) 


where t 0 is the critical time or time to failure, and M max is 
the load when a member ruptures. Failure occurs when o(t c ) 
is over the MOR value. 

The critical stresses of specimens were calculated based 
on the test result and analysis as in Eqs. 1 and 2. Because the 


Time to failure (min.) 

3,9 3.0 23 1.7 1,3 10 °' 8 o .6 0,5 



0 10 20 30 40 50 60 70 80 90 100 

Stress level (%) 

Fig. 8. Relationship between stress level and critical stress of bending 
test under fire exposure 


critical stress is a function of applied load and time to fail¬ 
ure, the result shows that there is no significant difference of 
the critical stress among grades, among applied loads (stress 
level), and time to failure as shown in Fig. 8. It gives an 
assertion that the newly developed small-scale testing appa¬ 
ratus is valid for testing the bending member under fire 
exposure. 

The average critical stress of mangium is 21.8 MPa with a 
SD of 2.4 MPa and CV of 11.3%. As shown in Fig. 8, even 
with high variation in stress levels, similar critical stress 
values were obtained over a range of times to failure, that is, 
the critical stress can be applied in allowable stress design 
(ASD) and load and resistance factor design (LRFD). The 
minimum cross section of the member can be calculated 
based on the critical stress, charring rates, and standardized 
fire endurance time. 

The critical parameter for fire endurance is defined as 
the ratio of critical stress, cr(t c ), to the ultimate stress, o(t 0 ) at 
5% exclusion limit (EL). In this study, the average MOR 
was 105 MPa with SD of 22.2 MPa, so the 5 % EL of ultimate 
stress is 68.2 MPa in mangium. The critical parameter for 
fire endurance of mangium is calculated to be 0.31. For full- 
scale softwood beams, the critical parameters in Finland, 
Sweden, New Zealand, and Britain were proposed to be 
0.75, 0.8, 0.5, and 0.68, respectively. 3 With respect to the 
ultimate strength of the lumber, the lower critical param¬ 
eter for fire endurance obtained in this study might be due 
to the higher charring rate of the lumber. 


Conclusions 

Samples for predicting strength of the lumber represented 
the characteristic of the population and MOE is a good 
predictor for MOR. Applying mechanical grading in struc- 
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tural lumber will be useful in determining mechanical and 
fire performance. When structural lumbers are graded and 
properly loaded in application, the fire resistance perfor¬ 
mance will be in accordance with the planning design. 

The time to failure, charring depth, and weight loss are 
significantly affected by the ratio of stress level. With the 
high heat flux and small specimens used in this experiment, 
the charring rate of mangium in the vertical direction 
was 1.86mm/min while in the horizontal direction was 
1.80mm/min. 

The critical stress value was roughly constant with vari¬ 
ous applied loads which evoked a wide range of times to 
failure. The critical stress is a function of the stress level and 
the charring rate. For bending under fire exposure, the criti¬ 
cal stress of mangium is 21.8 MPa. This value can be applied 
in ASD or LRFD concepts. 

The newly developed testing apparatus is appropriate to 
evaluate the fire performance behavior of structural lumber 
in bending on a small scale. It may be utilized for evaluating 
various species and heat fluxes to provide data on critical 
parameters of fire endurance for building structures. The 
fire performance under applied load can be predicted by 
using the simplified fire testing method. 
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